










博  士  学  位  论  文 
 
反应型含磷固化剂 DOPO 衍生物分子结构 
设计与环氧树脂阻燃改性 
Molecular Structural Design of DOPO Derivatives for  
Reactive Phosphorus-Containing Curing Agents  




论文提交名称： 戴李宗  教授
专 业 名 称： 高分子化学与物理
论文提交日期： 2013 年 11 月
论文答辩日期： 2013 年 12 月
 

















Molecular Structural Design of DOPO Derivatives for  
Reactive Phosphorus-Containing Curing Agents  




A Dissertation Submitted to the Graduate School in 
Fulfillment 
of the Requirements for the Degree of Doctor of Science 
































另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的




声明人（签名）：             






















（     ）1.经厦门大学保密委员会审查核定的保密学位论文，于   
年  月  日解密，解密后适用上述授权。 






声明人（签名）：             




















有 60 多年的历史，然而阻燃性能的欠缺成为限制环氧树脂应用的瓶颈因素。  
本论文合成了一系列反应型含磷环氧树脂固化剂，并研究这一系列环氧固化
物的性能，主要研究内容包括： 
（1）采用一步法合成了 DOPO-PHM、DOPO-m-DM 和 DOPO-t-DM，采用两
步法合成了DOPO-m-DP和DOPO-t-DP并使用改进的一步法简化了DOPO-m-DP
和 DOPO-t-DP 的合成步骤。将这五种 DOPO 衍生物以共价键的形式引入环氧网








衍生物分子引入环氧网络中对固化物 Tg 的不同影响（Tg 值：DOPO-m-DP 环氧
































塑性。同时，我们探讨了这五种 DOPO 衍生物分子引入环氧网络中对固化物 LOI
值的不同影响（LOI 值：DOPO-t-DM 环氧固化物>DOPO-m-DM 环氧固化































Epoxy resins, a type of thermoset polymers, have been commercially available for 
about 60 years and widely applied in diverse areas such as castings, adhesives, 
composites, owing to their excellent characteristics of convenient curing process, 
outstanding adhesion, low shrinkage and good dimensional stability. However, the 
poor flame retardant effect of epoxy resins is becoming a major hurdle in extending 
their applications to many other fields.  
In this study, a series of halogen-free, reactive phosphorous-containing curing 
agents were synthesized, and their properties were characterized. The main contents 
of the study are summarized as follows: 
 (1) We synthesized five DOPO-derived compounds, including DOPO-PHM, 
DOPO-m-DM, DOPO-t-DM, DOPO-m-DP and DOPO-t-DP, by a one-step method. 
Particularly, the one-step synthesis of the latter two was simplified based on 
improvements of the method. DOPO-m-DP and DOPO-t-DP were also synthesized by 
a two-step method. These five derivatives of DOPO were further incorporated as 
covalent bonds into epoxy networks, producing a series of homogeneous, 
halogen-free, flame-retardant curing agents. The curing reactions were traced and the 
resulting agents were characterized using FTIR and NMR. The reaction mechanisms 
were discussed as well.  
(2) DMTA tests were performed on the curing agents to evaluate their 
thermodynamic properties, compatibilities, and epoxy network structures. The results 
show that all these DOPO-containing epoxy curing agents are homogeneous, i.e., each 
of them has a single Tg. This property offers an excellent solution to problems such as 
poor compatibility of inorganic elements with polymers, and migration of inorganic 
elements after a long period storage. Meanwhile, the branching distribution of the 
epoxy networks was not significantly affected by addition of the derivatives of DOPO. 















the Tg values from high to low: DOPO-m-DP > DOPO-t-DP > DOPO-t-DM > 
DOPO-m-DM > DOPO-PHM. The difference in Tg may be caused by different rigid 
group structures and crosslinking densities.  
(3) TGA tests were performed to evaluate the thermo-resistance of the curing 
agents. The results show that all DOPO-containing curing agents have increased char 
yields (under nitrogen and air) at 700 ℃ with increasing contents of Phosphorous. 
This positive correlation indicates that addition of phosphorous (i.e., DOPO group) 
into epoxy curing agents could effectively enhance their thermo-resistance. More 
fundamentally, polymers produced by adding P into epoxy resins are not only as 
thermally stable as inorganic matters, but also are as elastic and plastic as organic 
ones. The effect of adding these five DOPO-derivatives on char yields (under nitrogen 
and air) were compared by ranking the char yields from high to low: DOPO-m-DP > 
DOPO-t-DP > DOPO-m-DM ≈ DOPO-t-DM > DOPO-PHM. The difference in 
char yields may be caused by different cross-linking densities and elemental 
synergistic effects. 
(4) LOI (Limited Oxygen Index) tests were performed to directly evaluate the 
flame-retardant properties of the phosphorous-containing curing agents. The results 
show that all DOPO-containing curing agents have increased LOI with increasing 
contents of Phosphorous. This positive correlation indicates that addition of 
phosphorous (i.e., DOPO group) into epoxy curing agents could effectively enhance 
their flame-retardant properties. More fundamentally, polymers produced by adding P 
into epoxy resins are not only as flame-retardant as inorganic matters, but also are as 
elastic and plastic as organic ones. The effect of adding these five DOPO-derivatives 
on LOI were compared by ranking the LOI from high to low: DOPO-t-DM > 
DOPO-m-DM > DOPO-m-DP > DOPO-t-DP > DOPO-PHM. The difference in char 
yields may be caused by different chemical structures among reactive sites. 
In conclusion, this series of reactive curing agents, synthesized by adding 
phosphorous-containing compounds into epoxy resins, are homogeneous, highly 
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